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Recent work has shown that differentially expressed
cDNA fragments identified during biotic challenge have
great potential as genetic markers for pest and disease
resistance in sugarcane. Responses to the smut fungus
(Ustilago scitaminea), the stalk borer eldana (Eldana
saccharina) and Sugarcane Mosaic Virus (SCMV) have
been the main functional targets to date. Potentially
useful cDNAs were identified using SSH and cDNA-
AFLP differential display. These were isolated,
sequenced and assigned putative functions by compar-
ison with international databases. Using an RFLP
approach, fragments with identities suggesting a role in
resistance mechanisms were used as probes on a pop-
ulation of 78 sugarcane genotypes used in the breeding
programme and well characterised for the traits of inter-
est. Polymorphic markers were scored, and association
with phenotype analysed using statistical methods
developed in house. A set of 51 probes used for RFLP
analysis has yielded 275 polymorphisms to date.
Preliminary analyses of the data have identified 69 poly-
morphisms showing correlation with eldana resistance,
59 with smut, and 35 with SCMV. Most of the probes
(76%) yielded at least one RFLP marker associated with
smut, eldana or SCMV resistance, illustrating the effi-
ciency of this marker generating strategy. Groups of
uncorrelated markers have been found to be associated
with each of the resistance traits under investigation,
indicating the likelihood that each one represents a dif-
ferent aspect or mechanism of resistance. Markers iden-
tified in this project are already being used to devise
crosses for the coordinated assembly of resistance fac-
tors in progeny. A subset of the most significant mark-
ers has been screened against a further collection of 53
varieties in order to extend the capacity of marker-
assisted breeding. In addition, newly identified cDNAs
are continually being investigated via RFLP screening.
Sugars are the second largest contributor to dietary carbo-
hydrate in human society after cereals. As a source of sug-
ars, sugarcane (Saccharum spp. hybrids) is considerably
more important than sugar beet and other plant species.
Extracted sucrose from sugarcane constitutes 10–12% of all
carbohydrate produced worldwide for food (http://www.
fao.org/docrep/w8079e/w8079e0g.htm). Because of its high
rate of sucrose accumulation, tropical habitat, vegetative
method of propagation and capacity for multiple harvests
from the same rootstock, sugarcane is a principal crop in
many developing countries. South Africa is a significant
sugarcane producer; in the 2002–2003 season, 2.76 mil-
lion tonnes of sucrose were generated from cane in the
Eastern Cape, KwaZulu-Natal and Mpumalanga by
approximately 2 000 large-scale and over 48 000 small-
scale growers. In this context the South African sugar indus-
try provides direct and indirect employment to an estimated
350 000 people (Anonymous 2003). Over half of the sugar
crop is marketed internationally each year, thereby generat-
ing foreign exchange on a regular basis and ranking South
Africa in sixth position as a global sugar exporter
(Anonymous 2001).
South African sugarcane agriculture is highly dependent on
a geographically dedicated breeding programme. A range of
cultivars is required for the varied climatic and edaphic zones
found within industry boundaries. While highly variable, most
are subtropical, low in rainfall and somewhat marginal for
Saccharum spp. A broad distinction exists between rainfed
areas in the South and irrigated areas in the North. In
KwaZulu-Natal, systematic selection of sugarcane varieties
has been ongoing since 1925 and large-scale breeding of
varieties specifically for South African conditions since the
late 1960s. Up to 1 700 controlled pollinations are made each
year among parent varieties selected for specific attributes.
These include resistance to the prevalent pests and diseases
of sugarcane, environmental factors intimately linked to cli-
mate, which are also necessarily a primary focus in the
breeding programme. In South Africa the fungal pathogen
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Ustilago scitaminea H&P Sydow (sugarcane smut), sugar-
cane mosaic virus (SCMV) and the insect stalk borer Eldana
saccharina Walker (Lepidoptera: Pyralidae) are among the
most important biotic challengers that sugarcane faces.
Sucrose is presently the primary product of sugarcane,
but the world price of sugar is in decline and there is grow-
ing interest in the production of sugarcane for biomass,
either to generate fibre as a renewable energy source or to
synthesise alternative compounds potentially more valuable
than sugar itself. Regardless of these new directions in sug-
arcane agribusiness, effective breeding for pest and disease
resistance and other environment-responsive traits through
the application of genetic marker technology will remain a
high priority in varietal improvement.
Genetic Complexity in Sugarcane and Implications for
Breeding
Sugarcane has arguably the most complex genome of any
important crop species, which has significant implications for
variety improvement through conventional breeding, and
also for research work in genomics and molecular markers.
Commercially grown sugarcane cultivars are advanced gen-
eration hybrids between Saccharum officinarum (2n = 80)
and S. spontaneum (2n = 40–128) (Panje and Babu 1960,
Price 1963). S. officinarum is an octoploid with a base chro-
mosome number of 10, and genotypes of S. spontaneum
have a base chromosome number of 8 (D’Hont et al. 1998),
forming a polyploid series from 5-ploid to 16-ploid. The most
common cytotypes found in the ancestry of commercial cul-
tivars are those with 2n = 64 and 2n = 80; i.e. octoploids and
decaploids respectively. For both species, aneuploids with
unexpected chromosome numbers are also found.
The original inter-specific hybridisation events involved S.
officinarum as the female parent, and S. spontaneum as the
pollen donor. Due to the difference in base chromosome
numbers of the two species, or because of an endosperm
balance number (EBN) phenomenon (see Carputo et al.
1999 for review of EBN), the original hybridisation is charac-
terised by the functioning of unreduced female gametes, giv-
ing rise to progeny with 2n + n chromosome complement —
i.e. crossing 2n = 80 S. officinarum with 2n = 80 S. sponta-
neum produces progeny with 120 chromosomes; 80 from S.
officinarum and 40 from S. spontaneum. Backcrossing F1
hybrids to S. officinarum again results in 2n+n chromosome
transmission, but in subsequent generations transmission
reverts to normal (Bremer 1961). Due to pairing abnormali-
ties between homologues and homoeologues, unpaired
chromosomes may be lost during meiosis. Commercial cul-
tivars, which are five to 10 generations removed from the
original inter-specific hybridisation event, have between 95
to 130 chromosomes, are aneuploids, and may also be
chromosomal mosaics, with different cell lines within a sin-
gle plant having different chromosome numbers (Burner and
Legendre 1993).
Little is known about the control of gene expression in poly-
ploids, and it is uncertain whether all copies or only some
copies of a particular gene are functional. It is generally
understood, however, that polyploidy is an important evolu-
tionary mechanism, especially in plants (Soltis and Soltis
1999). In addition to gene duplication due to ploidy, it is also
likely that genome segments within the monoploid chromo-
somes of Saccharum are also duplicated (Butterfield et al.
2001). Sequencing of the Arabidopsis genome has revealed
that many genes are arranged in tandem arrays of multiple
repeats (The Arabidopsis Genome Initiative 2000), and data
from our group using Southern hybridisation with genic
probes (described below) shows evidence of expressed
sequences in sugarcane occurring as tandem repeats of
unknown length (Butterfield unpublished data). Because the
base chromosome number in the ancestral species differs, it
implies that there has been some chromosomal rearrange-
ment during the evolutionary process. This in turn implies that
similar loci in each species may not share similar chromoso-
mal locations, and will thus behave as duplicated unlinked
loci in hybrids, rather than allelic variants.
The use of molecular markers linked to major genes or
quantitative trait loci (QTLs) associated with desirable phe-
notype is becoming an important tool in breeding improved
cultivars for several crops. The complexity of the sugarcane
genome introduces some significant challenges in using
marker-assisted selection for breeding new varieties. The
high level of ploidy means that individual genotypes have
multiple alleles — up to 12 or more at each locus — and loci
are likely to be duplicated. Molecular markers such as sim-
ple sequence repeats (SSRs) which are normally regarded
as being co-dominant in diploid species have to be treated
as dominant markers, as it is seldom clear whether they rep-
resent multiple alleles at a single locus, or duplicated loci.
The high level of allelic background implies that no single
marker is likely to have a large effect on phenotype; rather,
many markers will each have small effects that may be diffi-
cult to detect in manageable population sizes. The large
genome size of sugarcane hybrids (~110 chromosomes)
means that a large number of random anonymous markers
(~2 000) would be necessary to get an adequate coverage
of the genome. As high throughput marker technologies
have not been available for sugarcane until fairly recently,
we have up to now used a targeted marker approach based
on expressed sequences to overcome some of the difficul-
ties described above.
Sugarcane Gene Discovery
A broad array of tools for elucidating genomic structure and
function has been developed in the past decade and a half.
Perhaps the most fundamental and powerful of these has
been the construction of large, across-taxa public DNA data-
bases such as those established in the USA by the National
Centre for Biotechnology Information (NCBI). Through ready
access to global information of this kind via the internet and
the development of algorithms such as Basic Local
Alignment Search Tool (BLAST) for rapid comparison of new
sequences with nucleotide and protein database information
(Altschul et al. 1990), the process of gene discovery has
accelerated exponentially. Random sequencing of individual
clones in cDNA libraries and alignment of ‘single pass’ tran-
script sequencing information with data already catalogued
from other organisms has allowed the establishment of puta-
tive gene identities on an enormous scale regardless of
169
genomic complexity. Such cloned gene sequences consti-
tute Expressed Sequence Tags (ESTs) and form an impor-
tant ‘poor man’s’ resource for genome-based experiments in
species unlikely to be fully sequenced in the near future
(Rudd 2003). As at 01 August 2003, the database dbEST
(http://www.ncbi.nih.gov/dbEST/) contained 17 788 131 pub-
lic entries, 10 121 of which were for the genus Saccharum.
Many more exist in protected collections.
Projects focused on generating ESTs for sugarcane have
been undertaken in South Africa (Carson and Botha 2000,
2002), Australia (Casu et al. 2001), the USA (Andrew
Paterson, under the auspices of the International
Consortium for Sugarcane Biotechnology) and Brazil
(Arruda 2001). The Brazilian programme (SUCEST) is a
massive collaborative effort that has effected the construc-
tion of 26 cDNA libraries from several sugarcane tissues
sampled at various stages of development. From those
libraries, 238 000 ESTs have been produced, although they
have only recently been placed in the public domain.
Although sugarcane gene discovery was pioneered in South
Africa (Carson and Botha 2000) and a significant number of
local sugarcane ESTs were registered with dbEST, our strat-
egy has been to construct a limited number of cDNA libraries
with specific end products in view, in particular genic regions
for use as genetic markers in breeding or as sources of pro-
moters for transgenesis. For this reason the target materials
for library construction have been those tissues and devel-
opmental stages known to be the sites of sucrose accumu-
lation and key pest and disease resistance responses in the
sugarcane plant, i.e. the various internodal sectors of the
culm.
EST collections may be useful as direct sources of genes,
but their major advantage is in allowing comparisons of
expression pattern to be made between target tissues. Such
evaluations have been made highly efficient by the applica-
tion of array screening technologies and these have been
gainfully employed in sugarcane, using both macroarray
(Carson et al. 2002) and microarray (Casu et al. 2003) sys-
tems. Array data allow subsets of important differentially
expressed genes and, ultimately, individual genes to be
identified for further scrutiny. Initial analysis based on cata-
loguing our own randomly sequenced clones in sugarcane
showed that stress response genes were rare in the meris-
tematic leafroll (Carson and Botha 2000) but relatively com-
mon in internode seven, representing the mature culm
(Carson and Botha 2002). This pattern has been confirmed
using arrays. ESTs of interest in this category include those
with homology to genes encoding heat shock proteins,
lectins such as jacalin, the uronide-binding protein remorin
and proteins registered as ‘stress-induced’ in the databases.
While such genes may be considered to play a part in resist-
ance mechanisms, their usefulness as genetic markers is
likely to be limited, as the specific elicitors and pathways of
resistance are unknown. In addition, many crucial resistance
associated genes may be missed using this approach.
Generating gene sequences with potential value as
markers
Existing EST collections are not complete and most are
derived from cDNA libraries made from plants grown in the
absence of pests and diseases. This is the case even in the
large Brazilian sugarcane programme SUCEST (Vettore et
al. 2001). Consequently, ESTs representing biotic stress-
induced transcripts are likely to be under-represented or
absent from them. Using methodology designed to induce
and detect stress-induced gene expression, Mahalingam et
al. (2003) determined that 55% of stress inducible tran-
scripts are rarely transcribed in unstressed Arabidopsis, and
that 17% of them were not previously represented in
Arabidopsis EST databases.
To characterise the defence transcriptome of sugarcane,
we sought to identify genes whose expression levels change
in response to challenge by pests and pathogens. There are
several strategies for identifying differentially expressed
transcripts, including differential display (e.g. cDNA–AFLP),
representational difference analysis (RDA), serial analysis of
gene expression (SAGE), enzymatic degradation subtrac-
tion and subtractive hybridisation (Lisitsyn and Wigler 1993,
Watson and Margulies 1993, Velculescu et al. 1995,
Bachem et al. 1996, Diatchenko et al. 1996).
Our chosen methodologies for detecting differential gene
expression were Differential Display of cDNA–AFLP prod-
ucts (Bachem et al. 1996) and Suppression Subtractive
Hybridisation (SSH) using a PCR SelectTM kit (Clontech)
(Diatchenko et al. 1996). Although both are PCR-based
methods, cDNA–AFLP and SSH differ in some fundamental
respects. In the cDNA–AFLP method, the cDNA population
is subdivided and the resulting products are electrophoresed
on a gel. This gel provides a visual Differential Display from
which bands that represent a portion of all differentially
expressed genes can be excised and cloned. These bands
may be present in one state but absent in the other, or may
simply differ in intensity. However, rare transcripts are not
easily detected.
The SSH procedure developed by Diatchenko et al.
(1996) is a subtractive hybridisation method in which differ-
entially expressed sequences are selectively, exponentially
amplified. This functionally removes those genes present
equally in both states, resulting in a pool of cDNAs that rep-
resent all of the differentially expressed genes. SSH nor-
malises the abundance of high- and low- expression genes
and greater than 1 000-fold enrichment of rare transcripts
can be obtained. Suppression PCR prevents both undesir-
able amplification and biased amplification of small mole-
cules, while enrichment of target molecules proceeds.
Furthermore, the suppression PCR effect eliminates the
need for physical separation of single- and double-stranded
cDNAs (Gurskaya et al. 1996). SSH yields cDNA fragments
that can be used directly as RFLP probes as well as for the
construction of DNA microarrays. We viewed the normalisa-
tion step as particularly important because many stress-acti-
vated genes, such as those encoding pathogenesis-related
(PR) proteins, are abundantly induced by a variety of chal-
lenges, potentially obscuring important challenge-specific
transcripts expressed at lower levels.
Phenotypic data from the breeding programme suggest
that responses to infection by the fungal pathogen smut and
attack by the stalk borer eldana are negatively correlated. As
both tend to enter the plant through the bud, it is possible
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that separate but antagonistic defence responses are
involved in producing this negative correlation. Resistant
and susceptible varieties were selected for exposure to each
challenger. Extracted RNA from challenged and unchal-
lenged material was converted to cDNA and then subjected
to cDNA–AFLP and SSH. Resultant gene fragments from
the smut challenge were cloned and sequenced, and results
are shown below (Figure 1, Table 1). Fragments from the
eldana challenge have yet to be analysed.
We were able to assign approximately two-thirds of smut
differentially expressed genes to functional groups based on
sequence similarities with known genes (comparison of
sequences to non-redundant nucleotide, protein and EST
databases by BLASTN and BLASTX at http://www.ncbi.nlm.
nih.gov/blast/blast.cgi) (Figure 1, Table 1).
Genetic markers applied to parent selection
To identify genetic markers associated with pest and dis-
ease resistance, 51 ESTs developed from cDNA-AFLP or
SSH have been used as RFLP probes across a population
of 78 sugarcane genotypes with known ratings for resistance
to sugarcane smut, eldana borer and SCMV. To date, 275
polymorphisms have been scored across the 78 varieties
using two restriction enzymes, HindIII and DraI. Using sim-
ple linear regression, 69 markers with significant association
with smut, 59 with association to eldana and 35 with associ-
ation to SCMV have been identified, ascribing up to 20% of
the variation in resistance score. Most sequences used as
RFLP probes (76%) gave at least one marker associated
with resistance rating. Multiple regression of 3-way compar-
isons of all markers gave groups of markers ascribing up to
31% of resistance rating for eldana, 32% for smut and 25%
for SCMV. It is significant that more markers were found
ascribing a greater proportion of phenotypic variation for
eldana and smut, compared to SCMV, as the ESTs were
produced from smut-challenged cDNA libraries. We believe
that this illustrates the effectiveness of developing markers
using a targeted EST approach.
The strength of the association between identified mark-
ers and phenotype is not sufficient to use the markers as a
replacement for phenotypic screening of eldana, smut or
SCMV resistance in the breeding programme. Knowing the
marker genotype of parent varieties used in the crossing
programme would, however, allow specific crosses to be
made in order to optimise the potential marker genotypes of
the resulting progeny through recombination. As only 14
genotypes from the marker discovery population of 78 geno-
types are routinely used as parents, a subset of 10 markers
showing the greatest association with resistance to eldana
and/or smut was selected. These markers were scored on
an additional 53 parent genotypes used in the SASEX
breeding programme. In 2003, approximately 300 crosses
were made based on parent marker genotypes, with the
cross combinations falling into three main categories; (1)
where both parents had similar resistance marker genotypes
in order to increase the probability of recovering progeny
having the same resistance markertype; (2) where the par-
ents had complementary markertypes — i.e. resistance
markers lacking in parent 1 were present in parent 2 and
vice versa — in order to recover recombinant progeny hav-
ing all markers present; (3) where one parent had most
resistance markers present, while the second parent lacked
most or all markers but is known to be phenotypically resist-
ant. In this case, we assume that the second parent has
alternative unmarked resistance loci, and the objective is to
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Figure 1: Pie chart showing the proportions in each functional category for differentially expressed transcripts from cDNA–AFLP and SSH.
SSH and cDNA have been successful in producing a large number of differentially expressed sequences. Preliminary sequence analysis has
identified putative receptors involved in the signalling of resistance mechanisms, transcription factors and enzymes involved in phenyl-
propanoid-flavonoid metabolism. A large proportion may be pathogen induced (Table 1)
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recover progeny with both the known and as yet unknown
resistance loci through phenotypic selection. Molecular
screening of the progeny population from cross types 1 and
2 will allow the selection of individuals with desirable mark-
ertypes, leading to an increase in the level of resistance in
the seedling population. This will not be feasible with cross
type 3, where alternative selection strategies will be neces-
sary. As breeding new sugarcane varieties is a lengthy
process, the success of this approach will only be able to be
assessed over time.
In order to complement the use of genic markers for par-
ent selection in the breeding programme, we are also begin-
ning to use fingerprinting routinely as a supporting tool.
Germplasm used in the breeding programme is currently
being fingerprinted using SSRs so that parent identities can
be confirmed, and cross combinations can be validated. This
is especially important when crosses are made for both
quantitative genetic and molecular genetic research studies,
where incorrect identification of germplasm could have seri-
ous negative consequences.
Conclusions
Bioinformatic analysis of various cereals and full sequencing
and annotation of the genomes of rice and Arabidopsis have
revealed similar numbers of unique genes in these widely
differing species (Aubourg and Rouzé 2001, Bennetzen
2002). This feature may be common to plants in general
despite variation in genetic complexity. We have shown that
genomic approaches, especially gene discovery through
expression analysis, may bypass perceived pitfalls such as
allelic multiplicity and facilitate an understanding of the
genetic disposition of a highly polyploid, interspecific hybrid
crop such as sugarcane. Furthermore, we have demonstrat-
ed that subtractive or differential display techniques are able
to illuminate gene activity during biotic stresses such as
those induced by pests and pathogens and allow the isola-
tion of rare transcripts elicited as part of the plant’s resist-
ance response pathways. Such genes reflect a component
of resistance capacity and it makes sense that they should
have potential as partial markers of resistance. In the novel
approach described here, the association between stress-
activated genes and resistance has been verified statistical-
ly by molecular analysis of a population of phenotypically
well characterised varieties. While the strength of the asso-
ciation between identified markers and phenotype is not suf-
ficient for marker use in routine selection of progeny, it is
valuable as a means of selecting parents to optimise resist-
ance potential in the resulting offspring through recombina-
tion. The 300 crosses made this year based on parent mark-
er genotypes will produce on average 400 seeds per cross
and these progeny will enter the selection programme in
2004. A total of 250 000 seedlings enter selection each year
and the various stages require a total of 12–15 years of
assessment and elimination before a favourable new variety
is sufficiently well characterised for release. However, exper-
Table 1: Putative identities of several fragments upregulated only in a smut-resistant variety when challenged by smut
Homologue Accession no. E-value
of homologue
Signalling
Wall bound receptor kinase 403bp AJ009695 0.001
Cellulose synthases 405bp AF200528 2e-30
and 426bp AF200533 1e-111
Receptor ser/thr protein kinases AB012247 6.6
312bp and 380bp AB026649 5e-19
Receptor kinase (chitin binding) 118bp AAD52097 3e-08
Pti-like kinase interactor 404bp AAG29223 1e-07
Nucleotide Binding Site –LRRs 191bp AC074283 0.28
and 635bp AB019186 3e-28
G-protein coupled peptide receptor 206bp AF132042 3.1
Phosphoprotein phosphatases 301bp AAD21727 5e-18
and 252bp AJ131045 4e-31
Transcription factors
MADS-box 1 464bp AJ249141 1e-21
X1 451bp AF101045 1e-11
Target of myb1 (TOM) 230bp T51543 7e-08
Zinc finger PR protein 360bp T11846 7e-09
Phenyl-propanoid/Flavonoid metabolism
Isoflavone reductase homologue >569bp P52581 7e-48
X1 451bp AF101045 1e-11
Peroxidase 326bp CAA72485 2e-07
Chalcone reductase 199bp AJ223291 5e-07
Beta-glucosidase 464bp T14732 2e-53
* dbEST search suggests that sequence is induced during pathogenesis
Comments
Pathogen induced*, S-receptor kinase-like
SSH
cDNA-AFLP
–
Pathogen induced
S-receptor kinase-like
–
Pathogen induced, LRR region
Carboxy-terminal 107aa + 3’UTR
Pathogen induced
Pathogen induced, regulate kinase action
Pathogen induced, regulate kinase action
Pathogen induced
Between sh2 and a1 (maize, sorghum), enhancer of c-glycosyl-
flavone synthesis
Pathogen induced
Pathogen induced, carboxyl 39aa + 3’UTR
Pathogen induced, phytoalexin synthesis
Between sh2 and a1 (maize, sorghum), enhancer of c-glycosyl-
flavone synthesis
Carboxy-terminal 36aa + 3’UTR
Phytoalexin synthesis
Pathogen induced, hydrolysis of glycosyl-phenyl-propanoids/
flavonoids
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iments to verify enhanced, marker-assisted recombination
will be possible in the initial stages of the selection process
and should provide early confirmation of the value of the
approach and insight into its efficacy. The work presented
here has focused on resistance to the economically most
important pest of sugarcane, eldana, and the two primary
diseases of the crop, smut and SCMV. The analyses
described are ongoing; gene fragments obtained through
eldana and SCMV challenge are still at the RFLP screening
stage. Evidence to date suggests that other aspects of plant
interaction with the environment may be amenable to molec-
ular dissection and marker identification strategies in a sim-
ilar way, with potential benefit in breeding.
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